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Spectrometry with Molecular Parameters 
Charles Allgood’, Ronald Orlando**, and Burnaby Munson 
Department of Chemistry and Biochemistry, University of Delaware, Newark, Delaware, USA 
The relative molar sensitivities for a number of compounds having a variety of functional 
groups were obtained in gas chromatography electron ionization mass spectrometry. Compa- 
rable results were obtained with a quadrupole and with a magnetic mass spectrometer. The 
present relative molar sensitivities are in good agreement with relative ionization cross sec- 
tions obtained by different techniques and different instruments for a variety of compounds 
with molecular weights below about 200 u. For compounds of higher molecular weight, the 
present experimental sensitivities are significantly larger than estimates extrapolated from 
earlier data. The relatively molar sensitivities correlate well with molecular polarizability. (J 
Am Sot Mass Spectmm 1990, 1, 397-404) 
0 ne problem in the quantitation of complex mix- tures by any technique is the uncertain avail- ability of standards that are needed to estab- 
lish the relative sensitivities for the components of 
the mixtures. The more complex the mixture, the less 
likely one is to obtain all of the components. Meth- 
ods of correlating relative sensitivities for compounds 
with molecular structures are of great importance in 
reducing the necessary number of standardization ex- 
periments. With the extensive use of gas chromatogra- 
phy/electron ionization mass spectrometry (GCIEIMS) 
for the quantitative analysis of complex mixtures, the 
ability to predict the sensitivity of a compound on the 
basis of easily obtainable molecular parameters would 
be extremely useful, particularly for environmental or 
fossil fuel samples for which individual components 
are not available. 
It was shown many years ago that the total ioniza- 
tion for isomeric hydrocarbons (relative to n-butane) 
obtained with 5Cl-75eV electrons is constant within 
f 5% for many isomeric alkanes and a few isomeric 
alkenes and allcylbenzenes [l]. It was also observed 
that the total ionization per unit sample pressure in- 
creased with increasing carbon number in an homolo- 
gous series [l]. A plot of total ion current vs. carbon 
number leveled off at about Cra, although there was 
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no obvious explanation for this trend [l, 21. In addi- 
tion, it was noted that the total ionization decreased 
with increasing unsaturation for hydrocarbons having 
the same number of carbon atoms [l, 21. 
If there is no significant mass discrimination in the 
mass spectrometer, then the total sample ion current 
measured at the detector in the analytical experiments 
discussed above is proportional to the amount of total 
sample ionization in the source of the mass spectrom- 
eter, with the same proportionality constants for all 
compounds. Hence the ratio of the total “analytical” 
ionization of two samples is equal to the ratio of the 
ionization cross sections of the molecules. 
Molecular ionization cross sect& with 70 eV elec- 
trons have been obtained for many relatively simple 
molecules at several laboratories [3-71. These ioniza- 
tion cross sections have been reported for a wide vari- 
ety of compounds having low to moderate molecular 
weights-less than 200 u. In addition, ionization gauge 
response factors have been measured for an extensive 
set of low molecular weight compounds [8]. Recently, 
GCiEIMS response factors have also been reported for 
a series of polychlorobiphenyls [9]. 
Linear correlations have been reported between ion- 
ization cross sections and the sum of atomic cross sec- 
tions [3, 9, lo], diamagnetic susceptibilities [6], and 
molecular polarizabilities [4-61. The best correlations 
have been obtained between molecular ionization cross 
sections and polarizabilities, but the ionization cross 
sections for different compound types do not fit a 
single correlation with molecular polarizability [5, 61. 
Plots of ionization cross section vs. carbon number for 
these compounds give good straight lines for differ- 
ent homologous series, with essentially the same in- 
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crement per CH2 group [5, 7J, in contrast to the non- der these conditions. However, using as few as six or 
linearity with increasing carbon number for the total as many as 20 mass spectra had no significant effects 
ionization from the analytical experiments mentioned on the average relative peak areas or on the standard 
previously [l, 21. deviations of the measurements. 
The determinations of ionization cross sections or 
molar sensitivities by the procedures described above 
are time consuming. The experimental techniques are 
not likely to be applied to relatively high molecular 
weight, low vapor pressure materials. In this article we 
report data on relative molar sensitivities from simple 
experiments with a readily available, standard GUMS 
system for comparison with the molecular ionization 
data obtained from the experiments discussed above 
and to extend the analysis to compounds of higher 
molecular weight. 
The average molecular polarizabilities were calcu- 
lated from atomic hybrid components 1111. These val- 
ues are somewhat different from those calculated from 
bond polarizability data [12], but the polarizability ra- 
tios are essentially identical when calculated by ei- 
ther method. The data were analyzed and plotted by 
means of a standard curve-fitting routine (F-Curve, 
LEDS Publ. Co., Research Triangle Park, NC). 
few mixtures. These pIots gave good straight lines that 
vielded the relative sensitivities from the ratios of the 
In order to assure that the sample sizes routinely 
being used in these experiments were in the linear 
working range of the mass spectrometer system, plots 
were made of total ionization vs. sample mass for a 
Experimental 
Most of the spectral data were acquired with a 
Hewlett-Packard 5970 Mass Selective Detector (HP 
MSD, Palo Alto, CA) operated under standard elec- 
tron ionization conditions. The quadrupole mass filter 
was tuned using the automatic tuning procedure (Au- 
totune) each day of experiments, and a standard spec- 
trum of perfluorotributylamine (PFTBA) was obtained. 
The measured abundances for the ionic species at m/z 
69, 70, 219, 220, 502, and 503 in PFTBA were recorded 
for each set of tuning conditions. 
Sample solutions of accurately known concentra- 
tions in ethanol were prepared from commercially 
available pure compounds, approximately 0.1 M. A 
sample of approximately 1 ,uL of each solution was in- 
jected into the gas chromatograph (HE 5980A), which 
was operated in the split injection mode. These sam- 
ples were separated on a 12 m x 0.2 mm x 0.33 pm film 
thickness cross-linked methyl silicone capillary column 
and introduced directly into the source of the mass 
spectrometer. The temperature of the oven of the gas 
chromatograph was programmed to achieve complete 
separation of all components of each mixture. 
The total ion current (TIC) was recorded over the 
complete mass range of the samples (20-508 u), and 
the sensitivity was obtained by integrating the total 
ion current across the chromatographic peak for each 
compound. The baseline of each peak was determined 
by the computer for each individual component of the 
mixture in order to compensate for any changes in the 
background because the major air peaks (m/z 28 and 
32) were included in every scan. All calculations were 
done using the standard software package provided 
with the HE’ MSD. All values are reported relative to 
an internal standard: n-octane, n-decane, or ethylben- 
zene. The reported values of relative sensitivities are 
the averages of at least three separate GCiEIMS exper- 
iments. Approximately 5 s was required to obtain a full 
range mass spectrum (20-500 u) with a time of approxi- 
mately 0.5 s between mass spectra. Some lo-12 spectra 
were obtained across each chromatographic peak un- 
, 
slopes. The relative sensitivities obtained in this man- 
ner agreed well with those obtained from the total ion 
current ratios for mixtures of known concentration. 
The tuning parameters (Autotune) for the HP 
MSD varied significantly over the period in which 
these measurements were made. However, the rela- 
tive abundances of the fragment ions of the calibration 
compound, PFTBA, remained relatively constant. 
In Table 1 the short-term (1 hour), medium-term 
(8 hours), and long-term (1 week) reproducibility of 
this technique are shown. The average standard de- 
viation was f 3% for the short-term and f 15% for 
the long-term experiments. The average values are in 
good agreement and do not differ by amounts that are 
significantly larger than the standard deviations of the 
measurements. 
In order to assure that no losses were occurring 
because of the adsorption of high molecular weight 
compounds in the ion source or the GCIEIMS transfer 
line, experiments were performed in which the tem- 
perature of the ion source and transfer line was varied 
while all other instrumental parameters were kept con- 
Table 1. Reproducibility of relative sensitivitiesa 
Short Medium Long 
Campaund termb termC termd 
N,N-dimethylaniline 0.98 f.03) 1.02 (.05) 1.04 (.07) 
n-Tridecane 1.40 C.07) 1.41 (.07) 1.20(.15) 
Ethyl formate 0.20 C.01) 0.19 C.02) 0.17 (.04) 
c-Hexene 0.53 (.Ol) 0.49 t.051 0.45 f.09) 
Methyl benzoate 1.09 (.02) 1.20 (.09) 1.20 f.09) 
=GC I EIMS on an HP MSD. All values relative to n-decane = 1.00. 
Standard deviations given in parentheses. 
bAverage of five replicate GC I MS analyses in a one-hour period 
using the same instrumental tuning parameters. 
‘Average of five replicate GC /MS analyses over an eight-hour 
period using the same instrumental tuning parameters. 
dAverage of four sets of five replicate GC /MS analyses over a 
one-week period with different optimum tuning parameters for each 
set of experiments. 
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Table 2. Effect of GClMS temperatures on relative 
sensitivities for some phthalate esters 
Temperatures Phthalate esters’ 
TLa IPb D iethyl n-Butyl /I-Amy1 
240 250 1.55 i.17) 2.11 l.21) 2.30 1.231 
280 250 1.60 1.16) 2.20 1.28) 2.401.111 
280 250 1.76 (.I41 2.05 t.11) 2.43 f.13) 
280 250 1.72 t.08) 2.22 t.23) 2.43 f.25) 
320 250 1.72 t.26) 2.28 f.29) 2.56 f.25) 
‘TL = Transfer line temperature, “C, for HP MSD. 
blP = Injection port temperature, “C, for HP MSD. 
‘Sensitivity relative to ethylbenzene. Average of three values. 
Standard deviations given in parentheses. 
stant. The results for a mixture of several aromatic es- 
ters are shown in Table 2. Here ethylberuene was used 
as an internal standard. The mixture was analyzed at 
temperatures 40 “C lower and 40 “C higher than the 
standard operating temperature (280 “C). The values 
for the relative sensitivities for the higher molecular 
weight, less volatile esters were somewhat lower in the 
experiments having the lowest temperature (240 “C) 
than at the higher temperatures. However, there were 
no major variations within this range of temperature, 
and there are no indications of significant adsorption 
losses for these compounds at the temperature rou- 
tinely used in these experiments (280 “C). 
In the normal operation of the HP MSD, the cur- 
rent through the filament was turned off for a few 
minutes while the large quantities of solvent vapor 
pass through the ionization chamber. The duration of 
this passage is termed the solvent delay time. Sev- 
eral GClEIMS experiments were performed with vari- 
ous solvent delay times. Other experiments were per- 
formed with neat mixtures of compounds involving 
no solvent delay times. The relative molar sensitivities 
were not dependent upon these experimental param- 
eters. 
Other mass spectrometric experiments were per- 
formed with a Du Pant 492B mass spectrometer (Wilm- 
ington, DE) interfaced without a separator to a Varian 
Moduline 2740 GC system (Palo Alto, CA) having a 
3% SP-2100 packed column and helium as the carrier 
gas. Neat mixtures with injection volumes of 0.05 pL 
were used with this instrument. The data were col- 
lected with an IBM AT computer interfaced to the mass 
spectrometer by a Teknivent data system (Teknivent, 
Inc., St. Louis, MO). This instrument has been shown 
to be free of mass discrimination in the mass range 
of these experiments [13]. Approximately eight full- 
range mass spectra (20-800 u) were collected for each 
chromatographic peak. Additional samples were intro- 
duced directly into the source of this instrument from 
a glass capillary in a Vespel probe. 
A comparison for one set of compounds obtained 
with two very different GCiEIMS systems is presented 
Table 3. Ex 
P 
erimental sensitivities obtained with two 
different GC MS systemsa 
Compound HP MSDb DuPont 493= 
n-octane 0.71 c.06) 0.80 t.05) 
n-Nonane 0.82 f.09) 0.85 f.07) 
n-Undecane 1.23 1.22) 1.14 t.081 
n-Dodecane 1.37 1.16) 1.31 t.08) 
Chlorobenzene 0.59 1.04) 0.43 t.051 
n-Propylbenzene 0.63 1.09) 0.77 (.05) 
5-Nonanone 0.7Ol.11) 0.81 f.16) 
‘Average of five experiments obtained during one day. The stan- 
dard deviations sre given in parentheses. Values we reported rela- 
tive to n-decane = 1 .OO. 
bHewlett-Packard Mass Selective Detector (quadrupole mass 
spectrometer) with capillary gas chromatographic column. 
‘DuPont 4928 double-focusing magnetic mass spectrometer with 
packed column without a separator. 
in Table 3: a capillary GC column with a quadrupole 
mass spectrometer and a packed GC column with a 
magnetic mass spectrometer. The differences in the in- 
dividual relative sensitivities were less than the com- 
bined relative standard deviations of the experiments, 
except for chlorobenzene. The average value of the ra- 
tios of the relative sensitivities was very close to unity, 
1.02 & 0.07. This good agreement between the data ob- 
tained with these two very different GCiEIMS systems 
indicates that there were no significant discrimination 
effects or differential loss processes in these experi- 
ments. 
An additional set of experiments was performed to 
validate the relative sensitivities obtained by GUEIMS 
with the HP MSD. An accurately known mixture of 
1-methylphenanthrene, 9,10-benzophenanthrene, and 
perylene was completely evaporated from a glass cap- 
illary in a heated probe using the Du Font 492B mass 
spectrometer by raising the temperature of the probe 
over a period of several minutes. The total ion cur- 
rents for the M+ and the few characteristic fragment 
ions were obtained for each compound. The ratio of 
total ion currents (corrected to the same number of 
moles) is the ratio of molar sensitivities. Relative mo- 
lar sensitivities were also obtained for these mixtures 
in GCiEIMS experiments with the HP MSD. 
The molar sensitivity for 1-methylphenanthrene rel- 
ative to perylene was determined to be 0.72 f 0.12 
from the probe distillation experiments with the 
magnetic mass spectrometer and 0.71 & 0.14 from 
the GCiEIMS experiments with the quadrupole 
mass spectrometer. The molar sensitivity for 9,10- 
benzophenanthrene relative to perylene was deter- 
mined to be 0.76 f0.15 from the GClEIMS experi- 
ments and 0.84 f 0.05 from the probe distillation ex- 
periments. 
These experiments established the absence of sig- 
nificant mass discrimination or differential loss pro- 
cesses in the determination of relative abundances in 
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the GCiEIMS experiments using the HP MSD and cap- 
illary gas chromatograph. Consequently, the data re- 
The concentration of the sample is a time- 
ported subsequently were all obtained with this sys- 
dependent quantity across a chromatographic peak, 
related to the total number of moles of material, Ni, 
tern. and the volume of the ionization chamber, V: 
Results and Discussion 
As indicated previously, at the low pressures of EI ex- 
periments the total ion current is directly related to the 
ionization cross section [3-7, 91, by the equation 
El+ = Qil,[M;]d (1) 
in which Xl,? is the total positive ion current, Qi is 
the ionization cross section, [M;] is the concentrdtion 
of sample molecules of species i, 1 p is the electron cur- 
rent, and d is the ionization path length. With a con- 
stant electron current and path length the ionization 
cross sections can be determined from the slopes of 
plots of total sample ionization vs. concentration as in- 
dicated by eq 1. In the earlier work the absolute values 
of ionization cross sections were calculated by using 
the absolute value of the ionization cross section for 
N, = /[Mj]Vdf = [(i’J/RT)dt (3) 
.I J 
The TICS for each mass spectrum for a component i 
obtained during the elution of the compound from the 
chromatograph were summed to give a total area, Ai, 
which is directly proportional to the amount of sample 
and to the molar sensitivity (S;) or to the ionization 
cross section: 
Ai = SiNi = kQiNi(Ied/aV) (4) 
From the ratios of total areas for mixtures of known 
compqsition, Ni and Nj, we calculated the ratios of 
molar sensitivities, Si/S j, or of ionization cross sec- 
tions, Q; /Q i : 
Si/‘Sj = (AilNi)l(Aj/‘N~) = QilQi (5) 
argon or krypton from other experiments [3-71. 
In the present GClEIMS experiments the total ion In Table 4 the relative molar sensitivities from the 
current (TIC) was obtained for each mass spectrum by present experiments are compared with previously 
summing the ion currents of all sample ions registered reported ionization cross sections for several com- 
at the detector. If there are no mass discrimination ef- pounds. The ionization cross sections of Harrison et al. 
fects in the mass spectrometer, this TIC measured at [5] and Alberti et al. [7] were obtained by the method 
the detector is proportional to the TIC in the source, discussed above. The data of Bartmess and Georgiadis 
with the same proportionality constant for all masses: [S] are ionization gauge sensitivities, which correlate well with ionization cross sections. The data of Mohler 
et al. [l] are relative total ionizations obtained from 
TIC = aCI: (2) samples introduced through a heated oven. All val- 
Table 4. Comparison of relative sensitivies 
Compound This work Harrison et al.’ B&mess and Georgiadis” Mohler et al.’ Alberti et al.d 
n-octane 1.27 t.06) 1.31 1.59 1.31 
n-Nonane 1.49 I.131 1.42 1.72 1.47 
n-Decane 1.63 t.11) 1.58 - 1.66 1.62 
n-Undecane 1.86 (.lO) - _ 1.72 1.77 
n-Dodecane 2.16 (.lO) - 1.69 1.93 
o-Xylene 0.99 1.03) 0.98 0.91 - 
Ethylbenzene 1 .OO 1 .oo 1 .oo 1 .OO 1.00 
Propylbentene 1.28 1.09) 1.17 _ 1.10 1.15 
n-Butylbenzene 1.42 1.08) 1.27 1.30 
r-Butylbenzene 1.48 l.16) 1.27 - 
Anisole 0.89 i.03) 0.72 - - 
Ethyl formate 0.24 t.04) 0.57 0.46 - - 
Ethyl acetate 0.51 1.10) 0.75 0.64 
c-Haxene 0.67 LO8) 0.82 0.80 - _ 
‘Data taken from ref 5. 
bData taken from ref 8. 
‘Data taken from ref 1. Sensitivity for ethylbenzene taken as the average of values for C,-alkylbenzenes. 
dData taken from ref 7. 
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ues have been calculated relative to ethylbenzene as a 
common standard. Care must be taken in direct com- 
parisons of ionization cross sections because different 
values were used for the reference compounds, 
The average relative standard deviation for the data 
from the present GCEIMS experiments listed in Ta- 
ble 4 is approximately & 5%; however, a more realts- 
tic estimate is f 15%, as indicated by the long-term 
precision of the data in Table 1. The estimates of the 
short-term precision of the measurements by the other 
workers are & 3-5%. 
As noted earlier, the data of Mohler et al. [l] for 
the alkanes do not show the increase with increasing 
molecular weight that is observed in the data from the 
other three laboratories. It is very possible that there 
were sample introduction problems for the higher 
molecular weight compounds in the earlier studies that 
gave these low results. The agreement of the present 
data with the other three groups is good. The present 
data appear to be slightly higher than the data of Al- 
berti et al. [7] for the highest molecular weight al- 
kanes and alkylbenzenes. However, the differences are 
marginally larger than the combined uncertainties of 
the measurements. The present value for the relative 
sensitivity for ethyl formate is significantly lower than 
the literature values and may be in error. 
n-octane 
n-Nonane 
n-Decane 
n-Undecane 
n-Dodecane 
n-Tridecane 
n-Hexedecane 
n-Octadecane 
Table 5. Relative sensitivities 
Relative sensitivity= 
Compound Pb MW Molar Gram 
1.000 114.2 1.00 1 .oo 
1.05 
1.03 
1.07 
1.15 
1.20 
1.06 
1.25 
0.84 
0.65 
0.85 
0.96 
0.96 
1.00 
1.00 
1.14 
1.10 
1.15 
These results indicate that reliable values for relative 
molecular ionization cross sections can be measured 
with a standard quadrupole mass spectrometer with- 
out the specific instrumental corrections reported pre- 
viously [9], An extensive set of relative molar sensitiv- 
ities (relative ionization cross sections) was obtained, 
mostly for hydrocarbons and oxygenated compounds, 
in&ding a few homologous series. These values, all 
relative to n-octane = 1.00, are given in Table 5. 
Ethylbenzene 
m-Xylene 
o-Xylene 
n-Propylbenzene 
n-Butylbenrene 
2-Butylbenzene 
5.t-Butyl m-xylene 
Di-i-propylbenzene 
n-Hexylbenzene 
n-Decylbenzene 
c-Pentanone 
c-Hexanone 
5-Nonanone 
2-Undecanone 
o-Cresol 
p-Cresol 
Anisole 
1.120 128.2 1.18 l.101 
1.240 142.3 1.29 1.09) 
1.360 156.3 1.47 1.07) 
1.480 170.3 1.71 l.091 
1.600 184.3 1.95 (.07) 
1.957 226.4 2.10 1.19) 
2.196 254.5 2.79 I.311 
0.870 106.2 0.79 I.051 
0.870 106.2 0.8Ol.05) 
0.870 106.2 0.78 I.021 
0.990 120.2 1.01 (.07) 
1.110 134.2 1.12 LO61 
1.110 134.2 1.17 I.121 
1.350 162.3 1.44 1.15) 
1.350 162.3 1.62 I.201 
1.350 162.3 1.58 1.16) 
1.832 218.4 2.20 I.261 
0.590 64.1 0.53 I.041 
0.740 98.1 0.68 I.091 
1.124 142.2 0.97 l.13) 
1.360 170.3 1.53 1.16) 
0.760 110.1 0.66 1.09) 
0.760 110.1 0.71 (.13) 
0.804 108.1 0.70 (.02) 
0.881 120.2 0.791.06) 
1.118 146.2 1.04 (.04) 
1.237 162.2 1.14 1.131 
1.356 176.3 1.42 I.091 
1.476 190.3 1.62 (.I11 
1.595 204.3 1.92 I.101 
1.714 218.3 2.10 1.14) 
0.800 112.6 0.77 I.061 
0.656 157.0 0.81 1.12) 
1.054 235.9 1.08 1.05) 
0.961 118.2 0.92 I.011 
0.961 118.2 0.91 I.011 
1.200 146.3 1.25 l.04) 
1.001 121.2 1.09 i.061 
1.164 164.2 1.41 (.031 
1.453 222.2 1.60 1.16) 
1.927 278.3 2.23 I.261 
2.165 306.4 2.46 l.14) 
0.72 
0.79 
0.78 
1.03 
0.70 
0.75 
0.74 
Also included in Table 5 and plotted in Figure 1 
are the relative sensitivities per gram for these com- 
pounds. A small increase in the relative sensitivity per 
gram with increasing molecular weight in the 200-500 
u range is indicated by the solid line, which shows 
a least squares analysis of the data. However, within 
the precision of the data one can also postulate that the 
relative sensitivity per gram is constant and indepen- 
dent of molecular structure and molecular weight. The 
average of the relative sensitivities per gram for all of 
the 58 compounds in Table 5 is 0.96 & 0.16. Although 
the great majority of these compounds were hydrocar- 
bons and oxygenated derivatives, the constancy of the 
relative sensitivity per gram appears to hold for the 
few sulfur compounds and the nitrogen compound in 
Table 5. 
Acetophenone 
Butyrophenone 
i-Valerophenone 
Hexanophenone 
Heptenophenone 
Octanophenone 
Nonanophenone 
Chlorobenzene 
Bromobenzene 
o-Dibromobenzene 
i-Propylsulfide 
0.75 
0.80 
0.80 
0.92 
0.97 
1.07 
1.09 
Hexanethial 
Octanethiol 
N,N-dimethylaniline 
CPropyl benzoate 
Diethyl phthalate 
Di-n-butyl phthalate 
Di-amyl phthalate 
0.77 
0.58 
0.52 
0.90 
0.88 
0.98 
1.03 
0.98 
0.82 
0.91 
0.91 
Among the present compounds the lower molecular 
weight oxygenated compounds have relative sensitiv- 
ities per gram that are consistently lower than the av- 
erage by amounts that are somewhat greater than the 
standard deviation. The two bromine-containing com- 
pounds are also clear exceptions to the general trend. 
The relative sensitivities per gram for the compounds 
Ethoxylated alcohols 
CA 2n+ ,O(CH,CH,O),H 
n=lOr=l 1.565 202.3 1.63 1.18) 0.92 
x=2 1.648 246.4 2.23 1.52) 1.03 
x=3 2.132 290.4 3.13 f.60) 1.23 
(continued) 
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Table 5. (Continued 1 
Relative sensitivitya 
Compound Pb MW Molar Gram 
X=6 2.982 422.6 4.07 f.241 1.10 
x=8 3.549 510.7 4.25 t.42) 0.95 
n=lZx=l 1.801 230.4 2.10 f.29) 1.04 
x=3 2.368 318.5 2.69 f.45) 0.96 
x=4 2.652 362.5 3.44 I.421 1.08 
x=5 2.935 406.6 3.95 L55) 1.11 
x=6 3.218 450.6 4.54 (.47) 1.15 
n=14x=l 2.038 258.4 2.16 1.22) 0.91 
x=2 2.321 302.5 2.96 t.46) 1.12 
x=3 2.605 346.5 3.56 1.51) 1.17 
x=6 3.455 478.7 4.43 1.55) 1.06 
aAverage of at least three GC/MS experiments. Standard dewa- 
tions gwen in parentheses. 
%3arizability ratio, calculated according to ref 11 
in this study show a much smaller variation than 
that reported recently for response factors in other 
GCiEIMS work for a set of chlorinated biphenyIs [Y]. 
We also note that values of Qi /Mwi (which are propor- 
tional to the relative sensitivities per gram) for several 
low molecular weight perfluorocarbons, fluorochloro- 
carbons, and fluorobromocarbons are significantly 
lower than the average value for Qi/MWi for hydro- 
carbons [6]. Values of [QiIMWi]l[Q(n-octane)IMW(n- 
octane)] for sets of alkyl fluorides, chlorides, bromides, 
and iodides are significantly less than one and increase 
with increasing number of methylene groups [7]. Halo- 
genated OTgatiC compounds do not fit this pattern of 
a constant relative sensitivity per gram. 
These data on EI relative sensitivity per gram can 
be compared with weight response factors (sensitiv- 
ities per gram) obtained with a flame ionization de- 
tector (FID). The relative FID sensitivities per gram 
for hydrocarbons are essentially constant and indepen- 
dent of molecular weight and hydrocarbon type, as is 
observed with the present EI relative sensitivities per 
gram; however, there is a much wider range in FID rel- 
ative sensitivities per gram for low molecular weight 
oxygen- and nitrogen-containing compounds-as large 
as a factor of three [14, 151. Within an homologous 
series of compounds containing a single functional 
group, the FID relative sensitivities per gram increase 
with increasing carbon number and approach (but are 
always less than) the value for a hydrocarbon having 
the same number of carbon atoms [16]. From the effec- 
tive carbon number rule one estimates, for example, 
that ethers and ketones have FID relative sensitivities 
per gram of (a -1)/a, where n is the number of carbon 
atoms in the molecule [15, 161. Consequently, for com- 
pounds containing more than 10 or so carbon atoms 
the FID relative sensitivities per gram will be insensi- 
tive to molecular weight, as noted for the EJMS sen- 
sitivities per gram. For a series of oligomeric ethoxy- 
lated alcohols, however, the FID relative sensitivities 
per gram can be correlated with the ratio of the num- 
ber of oxygen to carbon atoms, but they vary quite 
widely-by approximately a factor of two for Cl0 to Cl6 
alcohols having l-8 ethylene oxide units [17]. This vari- 
ation is much larger than the variation in EIMS relative 
sensitivities per gram for similar compounds indicated 
in Table 5. 
We note, in agreement with earlier work on ioniza- 
tion cross sections [l, 51, that the relative molar sen- 
sitivities for the skeletal and positional isomers of the 
alkylbenzenes do not differ by amounts larger than the 
standard deviations of the measurements. Similarly, 
the relative molar sensitivities for the few other iso- 
merit compounds in these experiments do not differ 
by amounts larger than the precision of the measure- 
ments. The indistinguishabiIity of the relative molar 
sensitivities of the functional isomers, hexanethiol and 
di-i-propyl sulfide, may be different from the earlier 
reports of different ionization cross sections for func- 
tional isomers of oxygenated compounds 151. How- 
ever, we note that the previously reported small dif- 
ferences (l-896) were only slightly larger than the un- 
certainties of the measurements and are smaller than 
the uncertainties in the present data. 
Correlations have been reported previously be- 
tween ionization cross sections and molecular polar- 
izabilities, although it was noted that no single cor- 
relation fitted the data for all classes of compounds 
[4-61. The correlations have generally been linear, al- 
though not always giving a good fit and a zero inter- 
cept for each class of compounds. Figure 2 shows a 
plot of the relative molar sensitivities against the po- 
lar&ability ratios for these data. The linear correlation 
is good (R = O.Y91), with an average difference be- 
tween the calculated and experimental data points of 
5.3%. However, the slope of this curve is not unity 
(1.37), and the intercept is not zero ( - 0.440). The plot 
of the data in Figure 1 appears to have some curva- 
ture and can be fitted reasonably well by the equation 
I 
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Figure 1. Relative sensitivity per gram vs. molecular weight. AU 
values relative to n-octane = 1.000. Solid line is a least squares 
fit to data. Dashed line is a constant relative sensitivity per gram. 
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Figure 2. Relative molar sensitivity vs. polarimbility ratio. All 
values relative to n-octane = l.OCQ. Line A from ref 5. Line B 
from ref 7. 
Y = aX + bX2 (dotted line; a- = 0.836, b = 0.163, 
Y = relative sensitivity, X = polarizability ratio). The 
calculated values of relative molar sensitivities differ 
from the experimental values by an average of 6.2%. 
The few halogenated compounds in this study fitted 
the correlation of relative molar sensitivity against po- 
la&ability ratio as we11 as the other compounds. 
Also shown in Figure 2 are plots of previous data, 
which could be directly normalized to n-octane for 
comparison with the present data. The relative ion- 
ization cross section data of Alberti et al. [7] for RX 
compounds (X= CHs, GHs, F, Cl, Br, I) give a good 
correlation with polarizability ratio as indicated by the 
dashed line (R = 0.987, slope = 0.935, intercept = 
0.010, 6.8% relative standard deviation of points from 
the straight line), although the data can be fitted bet- 
ter by a set of lines for each functional group. The 
data of Harrison et al. [5] for a wider series of func- 
tional groups, mostly hydrocarbons and oxygenated 
hydrocarbons, also give a good correlation with polar- 
izability ratio as indicated by the solid line (R = 0.970, 
slope = 0.816, intercept = 0.083, 7.3% relative stan- 
dard deviation of points from the straight line). Again, 
the data can be fitted better by a set of lines for dif 
ferent functional groups. Use of normalized data elim- 
mates the complications resulting from differences in 
choices of reference compounds for the absolute ion- 
ization cross sections. The data of Alberti et al. [7] and 
of Harrison et al. [5] overlap in the region of polar- 
izability ratios of 0.2 to 1.2, and although the curves 
are distinguishable, the data do not appear to differ 
by amounts that exceed the combined uncertainties of 
the measurements. Our data overlap those of Harrison 
in the region of polarizabfiity ratios of 0.6 to 1.2 and 
are not different by amounts that are larger than the 
combined uncertainties in the data. Our data overlap 
those of Alberti in the region of polarizability ratios of 
0.6 to 1.8, and only at the upper end of this range is 
there any significant difference between the two sets of 
data. The present data, however, are clearly different 
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from the extrapolations of the previous data to higher 
molecular weights (larger polarizability ratios). 
In agreement with previous observations on ioniza- 
tion cross sections [5, 71, we note that the relative mo- 
lar sensitivities increase linearly with increasing car- 
bon number for compounds of the same type, with 
essentially the same slope for each class of compound. 
Recalculating the previous ionization cross section data 
relative to octane gives an increase of 0.10-0.12 in rel- 
ative moIecular ionization cross section per methylene 
group. The present data give larger slopes, 0.15-0.19, 
for relative molar sensitivities for similar compounds 
at somewhat higher molecuIar weights. 
A general correlation between carbon number and 
relative sensitivity exists for the set of all the com- 
pounds in this article, but the correlation is not as good 
as those between relative molar sensitivity and polar- 
izability, or relative molar sensitivity and carbon num- 
ber, for each class of compounds, evidently because of 
the neglect of the contributions from the heteroatoms. 
A reasonably linear correlation exists between relative 
molar sensitivity and molecular weight; however, the 
scatter of the data about the line is worse for this corre- 
lation than for the correlation with molar polarizability. 
The halogenated compounds do nof fit the correlation 
with molecular weight: the calculated vaIues are much 
too high. 
Conclusion 
Although individual sets of data, with presumably 
high accuracy, require multiple correlations for accu- 
rate description, the relative molar sensitivities for 
a large number of organic compounds over a wide 
molecular weight range can be correlated with rea- 
sonable accuracy (40%) with a single molecular 
property-the polarizability ratio. The relative sensitiv- 
ities per gram for many hydrocarbons and oxygenated 
compounds, but not halogenated compounds, are the 
same. 
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